Introduction {#sec1}
============

Focused electron beam induced deposition (FEBID), which also goes by the alternative names of focused electron beam induced processing (FEBIP) or simply as electron beam induced deposition (EBID), is a promising technique for the direct "writing" of patterns onto solid surfaces.^[@ref1]−[@ref3]^ It operates at a resolution approaching 1 nm and can be regarded as a variant of chemical vapor deposition in which a focused beam of electrons induces decomposition in a volatile precursor, leading to deposition of the desired material. The deposition of metals is commonly achieved in FEBID using volatile-metal-containing complexes, which, in addition to their high vapor pressures, are often relatively easy to decompose because of low binding energies between the metal atom and the surrounding ligands.

While FEBID shows great promise, it also has limitations. One problem is the incorporation of nonmetallic impurities into metal deposits, which can arise for several reasons, including incomplete dissociation of the precursor, recombination reactions on the substrate surface, or the electron-induced production of involatile nonmetallic species such as carbon clusters. Another well-known problem is broadening of the deposited structures relative to the diameter of the focused electron beam, a process which is often ascribed to dissociative electron attachment (DEA). DEA can give rise to a loss of pattern resolution because low energy secondary electrons and electrons that are inelastically backscattered from the substrate can attach to precursor molecules outside of the primary excitation zone and then initiate decomposition chemistry.

As a result of these limitations and to try and find ways of mitigating them, it is important to understand the DEA mechanisms for common FEBID precursor molecules. One such molecule is cobalt tricarbonyl nitrosyl, Co(CO)~3~NO, which has recently been used as an alternative to Co~2~(CO)~8~ to deposit cobalt using FEBID.^[@ref4]−[@ref6]^ The deposition of cobalt nanostructures is particularly interesting because of the ferromagnetic properties of this element, which might be exploited in devices such as nanoscale Hall sensors^[@ref7],[@ref8]^ and magnetic force microscopy tips.^[@ref9]^ The DEA mechanism for gaseous Co(CO)~3~NO has recently been explored for the first time by Engmann et al.^[@ref10]−[@ref12]^ Absolute DEA cross sections were established in this work, and mechanistic information was extracted, including evidence that the first step involves predominantly CO loss. Another recent study has investigated the electron-induced decomposition of a nanofilm of Co(CO)~3~NO on a solid substrate and employed surface science techniques, such as X-ray photoelectron spectroscopy, to extract mechanistic information.^[@ref13]^ As in the gas phase, decomposition on a surface seems to involve facile loss of CO. However, in the surface study, there was clear evidence of formation of a nitride as the initial step, i.e.The formation of a relatively stable CoN entity is consistent with the observation that the level of nitrogen in FEBID deposits derived from Co(CO)~3~NO is usually greater than carbon.^[@ref4],[@ref5]^ It should be noted that the surface study by Rosenberg et al.^[@ref13]^ used electrons with 500 eV kinetic energy, which is much higher than the electron energies used in the gas phase work by Engmann et al.^[@ref10],[@ref11]^

Here, we adopt a different approach for exploring the DEA mechanism of Co(CO)~3~NO. This involves isolating the precursor in a liquid helium nanodroplet, where electrons of defined energy are then subsequently added to induce chemistry. One of the advantages of working with helium droplets is the possibility of using the liquid helium to rapidly quench reactions, thus making it more likely to detect intermediate reaction products. Such information has the potential to generate new insight into the DEA mechanism. In addition, by increasing the doping rate, it is straightforward to add multiple precursor molecules to a helium nanodroplet, which makes it possible to see if the DEA mechanism is altered by clustering. Information of this type is potentially highly significant, since, in FEBID, the decomposition is likely to take place on a substrate surface and within a thin precursor film, rather than via individual isolated molecules in the gas phase.^[@ref13]−[@ref15]^ Thus, the current study can potentially bridge the gap between a purely gas phase study of the DEA mechanism of the Co(CO)~3~NO monomer and a study of the decomposition of a thin Co(CO)~3~NO film.

A third advantage of working with helium nanodroplets, which we also exploit here, is that it is possible to add another species to the droplets to act as a model substrate on which to initiate chemistry. In this study, we choose C~60~ as the substrate.

We find that the electron-induced decomposition of a single Co(CO)~3~NO complex in a helium droplet has much in common with the same molecule in the gas phase. However, as will be discussed, the reaction probabilities are not identical. Furthermore, the anion yields as a function of electron energy change dramatically when switching either to \[Co(CO)~3~NO\]~*N*~ clusters or to a single complex located on a C~60~ surface. This suggests that, while DEA studies of the monomer are a valuable starting point, the DEA behavior of FEBID precursor molecules on a solid surface will differ substantially from the gas phase scenario.

Experimental Section {#sec2}
====================

Full details of the experimental setup and the general operating procedure can be found elsewhere.^[@ref16]^ Briefly, helium nanodroplets were produced by expanding high purity gaseous helium at a stagnation pressure of 21 bar and a temperature of 9.4 K through a 5 μm pinhole into a vacuum. Under these conditions, the average number of helium atoms per droplet was in the region of 4 × 10^5^.^[@ref17]^ The expansion was skimmed to form a collimated droplet beam, and this was then passed through a pick-up cell containing vapor of Co(CO)~3~NO (Strem Chemicals Inc., 99% stated purity). The external reservoir in which the Co(CO)~3~NO was held was heated to roughly 320 K for these experiments, and the pick-up conditions were such that acquisition of a single Co(CO)~3~NO molecule was more likely than pick-up of two Co(CO)~3~NO molecules. Experiments were also performed where C~60~ molecules were added to the helium droplets immediately after the addition of Co(CO)~3~NO. The C~60~ (SES Research, 99.95% stated purity) was heated to a temperature of 558 K and added to the droplets in a second pick-up zone.

After picking up dopant molecules, the helium droplets passed through a skimmer to enter another differentially pumped vacuum chamber, where they were exposed to an electron beam of variable energy (0--150 eV). Any ions produced were then extracted into a high resolution and high repetition rate reflectron time-of-flight mass spectrometer (Tofwerk). This system can be used to explore both cations and anions, but in this particular study, we concentrate on anions generated by relatively low energy electrons. The electron energy was calibrated using the anion yield data collected by Engmann et al.^[@ref10],[@ref11]^ Anion yield curves derived from clusters and from Co(CO)~3~NO on C~60~ are hence referenced to gas phase measurements and are, therefore, corrected for the excess energy needed to inject electrons into liquid helium.^[@ref18],[@ref19]^ All anion yield curves have been corrected for background counts and isotopic effects of neighboring ions in the mass spectra.

Results and Discussion {#sec3}
======================

Co(CO)~3~NO Monomer {#sec3.1}
-------------------

The presentation of our experimental findings begins with the observations for monomeric Co(CO)~3~NO. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows ion yield curves as a function of electron kinetic energy for the eight anions detected. These range from the intact \[Co(CO)~3~NO\]^−^ parent anion through a series of fragment ions all the way down to Co^--^. All of these anions were observed previously in gas phase work,^[@ref5],[@ref6]^ except for the parent anion. The observation of the latter in the current study is presumably the result of the very low temperature in a helium droplet, which, combined with the rapid dissipation of heat through evaporative loss of helium atoms,^[@ref20]^ should help to stabilize the anion. Nevertheless, \[Co(CO)~3~NO\]^−^ is not an abundant product when compared to the anionic fragments. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows relative integrated peak areas between 0 and 20 eV to enable a comparison of ion abundances.

![Yields for the parent anion, \[Co(CO~3~NO\]^−^, and its fragments as a function of electron energy. The signal/noise ratio for the parent anion in the bottom right panel is very low, and so the solid line (in red) through the data points was generated using data smoothing (15 pt FFT filter) to indicate how the yield varies with electron energy. To give some idea of the agreement between the helium droplet findings and the gas phase results obtained by Engmann et al.,^[@ref10],[@ref11]^ raw data for the CoCO^--^ ion from the gas phase study have been incorporated into the upper right panel (shown by the data points marked in red). The agreement between the gas phase and helium droplet data for this ion is good, with only marginal broadening of the peak being seen in the helium droplet experiment. Similarly, good agreement is obtained for several other ions (not shown here), and any exceptions are discussed in detail in the main text.](jp-2015-05260m_0002){#fig1}

###### Relative Integrated Peaks Areas between 0 and 20 eV

  ion                  area
  -------------------- ------
  \[Co(CO)~3~NO\]^−^   0.07
  \[Co(CO)~2~NO\]^−^   0.44
  \[Co(CO)~3~\]^−^     0.56
  \[Co(CO)NO\]^−^      0.70
  \[Co(CO)~2~\]^−^     1.00
  \[Co(NO)\]^−^        0.12
  \[Co(CO)\]^−^        0.22
  Co^--^               0.04

There are considerable similarities between the ion yield curves shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and those reported by Engmann et al. in their gas phase studies,^[@ref10],[@ref11]^ particularly with regard to the energy of peak ion production and the widths of the observed resonances. However, there are also a couple of significant differences, and it is these differences which we focus upon here. First, we see a marked change in the shape of the ion yield profile for \[Co(CO)~2~NO\]^−^ when compared to the gas phase. Second, the most prominent anion seen in the helium nanodroplet experiments is not \[Co(CO)~2~NO\]^−^, as reported by Engmann et al., but is instead \[Co(CO)~2~\]^−^. In all other respects, the agreement with Engmann et al. is rather good.

The ion yield profile for \[Co(CO)~2~NO\]^−^ shows essentially three features. Two clear resonances with similar widths are seen at low energies, peaking at 1.6 and 4.3 eV. Although two peaks were seen by Engmann et al., these were at much lower energies (ca. 0 and 0.5 eV). Furthermore, in the gas phase, these two peaks had very different widths, with the higher energy peak being far more intense and much broader than the lower energy peak. Another major difference is that we see a broad and monotonically increasing ion yield above roughly 7 eV, whereas the gas phase work showed no production of \[Co(CO)~2~NO\]^−^ between 2 and 9 eV. At least, in part, we attribute this difference in behavior to quenching of reaction channels in helium droplets. In other words, resonances which would lead to certain fragments in the gas phase may be inhibited by rapid cooling in the helium nanodroplets, giving peaks in the yield of \[Co(CO)~2~NO\]^−^ at energies that would coincide with other reaction products if allowed to go to completion. Thus, the peak seen at 1.6 eV is close to the peaks seen for production of \[Co(CO)~3~\]^−^ and \[CoCONO\]^−^, and thus quenching of these higher energy channels into the lower energy \[Co(CO)~2~NO\]^−^ channel might account for this peak. The peak at 4.3 eV overlaps with the low energy tail of the \[CoNO\]^−^ resonance, perhaps indicating that this channel is quenched on the low electron energy side of this tail, leading to \[Co(CO)~2~NO\]^−^ production. The enhanced production of \[Co(CO)~2~NO\]^−^ above 7 eV may be the result of fragmentation of the dimer, \[Co(CO)~3~NO\]~2~^--^, which shows much broader ion yield curves (see next section).

The most surprising observation for the monomer is that loss of a single CO molecule does not give the most prominent anion signal for helium nanodroplets, in marked contrast to the gas phase case. Since the DEA process with the lowest activation energy is expected to be loss of a single CO molecule, one might reasonably expect this route to be enhanced in helium droplets relative to the gas phase because of the quenching of secondary reactions. Instead, the combined loss of NO and a single CO molecule is found to be the most probable DEA process. We have calculated the energy required to eject various ligands from the parent anionic complex using the established quantum chemical extrapolation scheme CBS-QB3. In the CBS-QB3 model, geometries are optimized and the zero-point energy is evaluated by vibrational frequency calculations in the harmonic approximation using density functional theory (DFT) methodology. The obtained geometries are then used as a starting point for more accurate energy calculations, including extrapolation to the complete basis set limit.^[@ref21]^ The results are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, which shows the energy required to break specific bonds in the parent anion at 0 K. The calculations conform to expectation, with the channel leading to loss of a single CO predicted to have by far the lowest threshold energy, 0.65 eV.

###### Reaction Energies (0 K) Calculated Using the CBS-QB3 Model

  reaction                                          Δ*E*/eV
  ------------------------------------------------- ---------
  \[Co(CO)~3~NO\]^−^ → \[Co(CO)~2~NO\]^−^ + CO      0.65
  \[Co(CO)~3~NO\]^−^ → \[Co(CO)~3~\]^−^ + NO        1.56
  \[Co(CO)~3~NO\]^−^ → \[Co(CO)NO\]^−^ + 2CO        2.36
  \[Co(CO)~3~NO\]^−^ → \[Co(CO)~2~\]^−^ + CO + NO   1.99

The preferential loss of CO rather than NO in the gas phase is presumably a consequence of statistical dissociation in the thermally activated initial state of the anion. However, the preferential ejection of CO + NO rather than a single CO molecule suggests that, in a helium droplet environment, the reaction process becomes constrained by specific dissociation dynamics. One possibility is that this process is assisted by a concerted rather than sequential loss of NO and CO from the parent anion. Concerted dissociation dynamics in DEA has been reported previously,^[@ref22]^ although we are not aware of any prior examples for metal-containing complexes.

(Co(CO)~3~NO)~*N*~ Clusters {#sec3.2}
---------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} summarizes the findings for the dimer of Co(CO)~3~NO. Similar observations apply to the trimer, but the data in that case are of lesser quality than those for the dimer. The fragment ions detected are analogous to those identified from the monomer but are now attached to an intact Co(CO)~3~NO unit (which, for notational convenience, we will often refer to simply as M in the discussion below). The ion yield profiles for these clusters are dramatically different from those seen for the monomer. For the discussion that follows, we have assumed that peaks corresponding to the ions \[(M)~*N*~(X)\]^−^, where X is a fragment such as Co or Co(CO)~2~, derive from the neutral species (M)~*N*+1~. This assumption is necessary for a simple interpretation of the experimental data, but one should recognize that a cascade effect from larger clusters could contribute to the observed signals. This becomes particularly clear when looking at fragments of the form \[(M)~*N*~Co~2~(X)\], which, for example, in the case of X = (CO)~2~NO, are abundant and among the most remarkable peaks in the mass spectra (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). These fragments necessarily stem from a neutral species of at least (M)~*N*+2~. However, as [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} clearly illustrates, fragments originating from (M)~*N*+3~ also play a visible role. The yield curves in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} show a convergence in behavior with cluster size, suggesting that comparison with the condensed phase is already viable at these cluster sizes.

![Yields for the parent dimer anion, \[Co(CO)~3~NO\]~2~^--^ (here abbreviated as M~2~^--^), and smaller fragments of the type \[MX~*n*~Y~*m*~\]^−^ as a function of electron energy. A 15 pt FFT smoothing filter was used to generate the solid line (in red) in the bottom right panel.](jp-2015-05260m_0003){#fig2}

![Yields for the anions \[M~*n*~Co~2~(CO)~2~NO\]^−^, where M = Co(CO)~3~NO and *n* = 1, 2, and 3. A 20 pt FFT smoothing filter was used to generate the solid line (in red) in the bottom right panel.](jp-2015-05260m_0004){#fig3}

The most striking difference between the monomer ion yield plots in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and the dimer plots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} is that the latter are much broader and peak at far higher electron energies (in excess of 10 eV). Indeed, the anion yields arising from the monomer and dimer have almost nothing in common. Even the reaction probabilities are different, with the dimer no longer favoring loss of NO in preference to loss of a single CO. Instead, we see that the most abundant products correspond to loss of 2CO or CO + NO, with nearly equal probabilities at their peak electron energies. We still find, however, that loss of a single CO is not the most probable reaction outcome.

The source of the very different anion yield curves for the Co(CO)~3~NO monomer relative to its oligomers is not clear. It is possible that the oligomerization process has a profound impact on the electronic structure, perhaps because the monomer units interact rather strongly. In such cases, the electronic structure that must be considered is that of the supermolecule entity, rather than the monomers. An estimate of the dimerization energy of Co(CO)~3~NO would help to establish if this explanation is plausible, but this is beyond the scope of the current study. We must also consider the possibility that dissociative ion-pair formation (also known as dipolar dissociation) becomes an option for the oligomers. An example would be the CO-loss channel, the lowest energy dipolar dissociation channel, shown below:Since we do not know the dimerization energy of the neutral complex, we cannot calculate an accurate threshold energy for [reaction [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. However, assuming a dimer binding energy of 1 eV and combining this with the known first ionization energy of Co(CO)~3~NO (8.33 eV^[@ref23]^), the calculated electron affinity of Co(CO)~3~NO extracted in the current study (0.75 eV), and the energy required to remove a CO from the monomer anion shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, we obtain an approximate energy threshold of 9.2 eV for [reaction [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. This does not account for the tails to much lower electron energies seen in all of the anion yield curves shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, but it does suggest that dipolar dissociation channels could come into play at energies in the region of 10 eV.

The dramatic difference in DEA behavior between the Co(CO)~3~NO monomer and the dimer is important because it shows that the monomer is not a reliable guide to DEA behavior in an agglomerated sample such as a thin film, as would be the case in a real FEBID experiment. One important consequence of the broad anion yield curves for (Co(CO)~3~NO)~*N*~ clusters is that a much wider range of electron kinetic energies can effect DEA than is implied by the quite strongly resonant behavior of the monomer. Accordingly, a much greater fraction of the available secondary electrons and backscattered electrons will be able to initiate decomposition if they are able to encounter a Co(CO)~3~NO film rather than the gaseous monomer.

Co(CO)~3~NO on C~60~ {#sec3.3}
--------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the anion yield curves for products derived from Co(CO)~3~NO in combination with a single C~60~ molecule. The signal levels were not strong for these anions, and so the signal-to-noise ratios seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are considerably worse than those in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Nevertheless, some broad conclusions can be reached. First, the ion yield profiles have more in common with those seen for the \[Co(CO)~3~NO\]~2~ dimer than for the isolated monomer, in that the curves are very broad and peak at far higher electron kinetic energies than for the monomer. Since C~60~ has a reasonably high electron affinity (2.6835 ± 0.0006 eV^[@ref24]^), which is comfortably in excess of that of Co(CO)~3~NO (0.75 eV according to CBS-QB3 calculations), low energy electrons might be expected to be preferentially injected into the C~60~ electronic manifold. However, while very broad anion yield curves have been recorded previously for C~60~ in helium, these peak near 5--6 eV.^[@ref25]^ The anion yield curves shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are different, suggesting that, at the very least, there is funneling of excess energy into the Co(CO)~3~NO adsorbate, which can then initiate chemistry. However, another possibility is ion-pair formation leading to production of C~60~^+^ and the anion \[Co(CO)~3~NO\]^−^ and its fragments (dipolar dissociation), channels which will start to become energetically accessible at energies roughly exceeding 9 eV.

![Anion yield as a function of electron energy for Co(CO)~3~NO combined with C~60~.](jp-2015-05260m_0005){#fig4}

A notable difference in the anion chemistry between the \[Co(CO)~3~NO\]~2~ dimer and the behavior of monomeric Co(CO)~3~NO on C~60~ is that the loss of NO on electron attachment becomes a minor channel for Co(CO)~3~NO on C~60~. We saw previously that, for \[Co(CO)~3~NO\]~2~^--^, the losses of 2CO and NO + CO are the two most probable reaction outcomes, with almost equal cross sections. Furthermore, the loss of a single CO molecule is still a minor channel for the dimer. However, once C~60~ is present, the branching ratios change. The two most probable outcomes, with almost equal probabilities, are now for loss of either one or two CO molecules on electron attachment above 10 eV. Thus, when Co(CO)~3~NO is subjected to electron exposure when adsorbed on C~60~, there is a far stronger propensity to retain NO than for either the isolated Co(CO)~3~NO monomer or its dimer.

We are not in a position to establish for certain why NO retention becomes more likely when Co(CO)~3~NO is located on C~60~. However, one possibility is that the C~60~ surface might catalyze the dissociation of NO to form a Co--N bond. This suggestion is prompted by the observations by Rosenberg et al. on the electron-induced decomposition of Co(CO)~3~NO on a solid surface,^[@ref13]^ as discussed earlier. On the basis of X-ray photoelectron measurements, Rosenberg et al. proposed that decomposition occurs via formation of a Co--N bond and is summarized in [reaction [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. One can imagine that, once such dissociation has occurred, the N and O atoms would be difficult to dislodge from the cobalt, in contrast to molecular NO. It would be interesting to explore whether or not this suggestion is applicable to Co(CO)~3~NO on C~60~, perhaps by carrying out detailed *ab initio* calculations of the available reaction pathways and how these are affected by contact with a carbonaceous surface. Clearly, there are alternative explanations which might involve specific chemical binding of the parent anion or a fragment to C~60~. A neat way to test this hypothesis would be to carry out similar experiments using a metallic cluster as the model surface to see if the substrate identity affects the DEA chemistry.

Conclusions {#sec4}
===========

The effect of dissociative electron attachment to Co(CO)~3~NO in helium nanodroplets has been investigated for the first time. The anion yield curves for the monomer show similarities to those reported previously for gaseous Co(CO)~3~NO. However, in helium nanodroplets, there are three notable differences: (1) observation of the parent anion, \[Co(CO)~3~NO\]^−^, albeit at very low abundance, (2) different resonances in the channel producing loss of a single CO molecule, and (3) a surprising preference for NO loss rather than CO loss. Observations (1) and (2) can be accounted for by quenching of certain reaction channels provided by the surrounding liquid helium. Observation (3) seems to be an effect delivered by constrained dynamics imposed by the liquid helium, although, at present, this is not fully understood. *Ab initio* calculations to establish the relevant potential energy surfaces and barriers to specific reaction channels would seem to be essential for resolving this matter.

For clusters of Co(CO)~3~NO, the anion yield curves shift to higher electron energies and are much broader. The reaction probabilities also change, but the most dramatic effect is seen when Co(CO)~3~NO is located on the surface of C~60~. Now, the loss of CO becomes the predominant reaction channel. It would be useful for an improved understanding of the FEBID mechanism to understand why the introduction of a surface induces this significant change in branching ratios. In particular, it will be important to establish if the surface catalyzes the decomposition of NO to form a cobalt oxynitride unit, as previously suggested by Rosenberg et al.^[@ref13]^
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